Abbreviations
Because the separation of a binary mixture is considered, the component with the smaller distribution ratio (salicin) is indicated by Comp-1 and that with the larger one (phenyl-β-D-glucopyranoside) by Comp-2. The moving direction of the organic phase is described as "up", and that of the aqueous phase as "down". ND number of plates of the bottom part of the separation stage column below the sample feed NU number of plates of the upper part of the separation stage column above the sample feed NR number of plates of the recovery stage column DS distribution ratio of Comp-1 DL distribution ratio of Comp-2 C concentration of the sample (mg/ml) F flow rate of the sample feed (ml/min) S flow rate of the organic phase (ml/min) H flow rate of the aqueous phase (ml/min) in the separation stage HR flow rate of the aqueous phase (ml/min) in the recovery stage Y the value of the distribution ratio (DS or DL) BE1(I) amount of a sample in the organic phase of Ith stage (mg/ml) in the separation stage after equilibration calculated from WE(1) BE2(I) amount of a sample in the organic phase of Ith stage (mg/ml) after equilibration calculated from BR(NR) WE(I) amount of a sample in the aqueous phase of the Ith stage in the separation stage (mg/min) after equilibration WR(J) amount of a sample in the aqueous phase of the Jth stage in the recovery stage (mg/min) after equilibration AA changing amount of the sample (mg/min) Z flag
Here, Y is the distribution ratio of the sample; WR(J) and BR(J) are the amounts of a sample in the aqueous and organic phase of the Jth recovery stage; and BE(I) and WE(I) are the amounts of a sample in the organic and aqueous phase of the Ith separation stage, respectively. According to Eqs. (1), (3) and (5), one can calculate the amount of the sample in either phase of Ith or Jth stage from its amount in the opposite phase of the same stage. Once the amount of the sample in the aqueous phase of the 1st extraction stage (WE(1)) or in the NRth recovery stage (WR(NR), this can be obtained from WR(NR+1)=0 using Eqs. (1) and (2), cf. Fig. 1 ), or in the (ND+NU)th extraction stage (this can be also calculated from WE(ND+NU+1)=0), is given, amounts of the sample in both the aqueous and the organic phases in any Ith or Jth stage in the column can be obtained by the stepwise calculations using the above equations.
The calculation strategy is: 1) Set the amount of the sample in the organic phase at the top of the recovery stage (BR(NR)) as 3/4 of the initial amount of the sample (F*C) tentatively. And set the changing factor of AA as F*C/4. 2) Calculate the amount of the sample in the organic phase at the sample inlet BE1(ND) from the outlet of the recovery stage, BR(NR)=3*F*C/4. 3) Calculate the same value, (BE2(ND)) from the outlet of the extraction stage, WE(1) (Eq. (7)). Based on the material balance at the equilibrated state, WE(1) must be:
4) So the two values of BE1(ND) and BE2(ND) obtained must be equal. If the difference is small enough (satisfies Eq. (8)), finish the calculation. AA to AA/4, and repeat the calculations decreasing AA until one of the condition equations of (8) or (9) is satisfied.
∆=|(BE1(ND)-BE2(ND))/(F*C)|<10
(9)
Experimental
Apparatus The apparatus was reported previously which had 6+6 extraction cell units. A recovery column with six cell units was connected to it (cf. Fig. 1 ).
Chemicals
Salicin and 1-butanol were purchased from Wako Pure Chemicals (Osaka, Japan). Phenyl-β-D-glucopyranoside was obtained from Sigma Chemical Inc.
(St. Louis, USA).
Preparation of the two-phases
Equal volume of deionized water and 1-butanol were shaken in a separatory funnel and left standing at 25˚C. The two phases were separated and used.
Sample solution
Salicin and phenyl-β-D-glucopyranoside were dissolved in the aqueous phase (5 mg/ml).
Distribution ratios of the sample
The distribution ratios of salicin (0.57) and phenyl-β-D-glucopyranoside (1.13) which were measured previously were used. 1 
Operation procedure
After the column was filled with the organic phase, the flow rates of the aqueous (H, HR), organic phases (S) and the sample feeding (F) were set as shown in Table 1 , respectively. At the beginning, a fresh aqueous phase was introduced instead of the sample solution. The wheels were rotated magnetically at a rotation speed of 900 rpm. After mixing and after the flow states of the extracts became stationary, and the flowout of the organic phase from the aqueous outlet ceased, the fresh aqueous phase at the sample-feed was replaced by the sample solution. After 12, 20, and 48 h, both of the extracts and back-extracts (0.5 ml or 1 ml) were pipetted and evaporated under reduced pressure. They were re-dissolved in 1 ml of HPLC eluent and injected into the chromatograph. The equilibration was attained about 13 -16 h after the continuous injection of the sample had started. 
HPLC conditions
For HPLC analysis to measure the distribution ratios and also to determine the %extraction of the samples, a JASCO HPLC system 980 (Japan Spectroscopic Co. Ltd., Tokyo) was used; it was equipped with a Rheodyne sampling valve (20 µl) and a ODS column (ODS-UG-5, 4.6 mmφ× 150 mm, Nomura Chemical, Japan; eluent, water:acetonitrile, 100:5). It was monitored by the absorption at 265 nm.
Results and Discussion

Column efficiencies
The column efficiency of the separation stage was found to be about 5+5 plates by the graphical stage calculations. 1 The efficiency did not decrease by the attachment of the recovery column. Thus, the further calculations were executed using the column efficiencies of 5+5+1 to 5+5+6 plates. 4 
Extraction curves
The %extraction curves of salicin and phenyl-β-Dglucopyranoside in the aqueous extract with the 5+5 plates column were calculated with changing the flow rates ratio (S/(H+F)) by the previous program (Fig. 3) . 1 The rest of the materials are to be present in the organic phase and they migrate to the recovery stage. In order to evaluate the present simulation program, the condition of S/(H+F) of 2.05 (indicated in Fig. 3 ) was chosen where most of phenyl-glucoside (98%) and salicin (68%) were extracted into the organic phase and they should migrate to the recovery stage. As shown in Table 1 (#2 -4, Calc.), the %extractions of the two components in both the aqueous extract (S1 and P1) and in the back-extract (S2 and P2) were calculated by the present program.
Calculated results vs. experiments
Experiments were performed at three different recovery flow rates (HR), at two of which the back-extraction of the components from the organic phase was incomplete (1.58 and 3.08 ml/min), that is, the organic phase should be recycled after partial regeneration. At HR=8.32 ml/min, the materials in the organic phase should be completely back-extracted. In this case, the values of %extraction must be the same as those of the calculated results of #1, that is, the same as the results 546 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 Table 1 Simulated results vs. experiments
The %extractions in the aqueous extract and in the back-extract in the equilibrated state are shown. In the case of #1, the values of S2 and P2 are those in the organic phase with no recovery stage.
calculated by the previous program. The experimental results are also summarized in Table 1 . They were in good coincidence with the calculated results with 5+5+6 plates, except HR=8.32 ml/min (#4). In the last experiments, the efficiency of the separation stage seemed to be higher than 5+5 plates. Thus, the results are more close to those obtained by 6+6 plates calculation in the separation stage (see #1). These results also indicated that the efficiency of the recovery column was around 4 -6 plates.
Comparison to other reported methods
A few calculation methods for dual-flow countercurrent extraction have been reported; [5] [6] [7] [8] however, these methods are based on the following assumptions:
1) The concentration dependency of the distribution ratio is to be neglected, and 2) the increase in the volume of the sample solution added (F) is to be omitted. In our calculation, however, these factors were taken into consideration. 9 Moreover, %extraction of the components in both the extracts and back-extracts can be obtained under 1+1+1 to any n+n+m column efficiencies, any flow rates of liquids and sample inlet, if only the distribution ratios of the components are given.
Thus we have demonstrated that the present calculation program can simulate the separation results of a binary mixture by continuous dual-flow countercurrent extraction with recycling one of the two phases.
